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Demonstration of Sixth-Order Coulomb Correlations in a Semiconductor Single Quantum Well
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Six-wave mixing in a ZnSe quantum well is investigated and compared with microscopic theory. We
demonstrate that sixth-order Coulomb correlations have a significant qualitative impact on the nonlinear
optical response. Six-wave mixing is shown to be a uniquely sensitive tool for investigation of correla-
tions beyond the four-point level.
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One of the most striking differences between classical
and quantum systems is that the latter are capable of being
in a correlated state, i.e., in a superposition of states with
well-defined relative phases. The entanglement in such
a coherent state gives rise to properties that are required
for applications such as quantum computation. In con-
densed matter, the Coulomb force induces both correlation
and decoherence. The resulting dephasing processes turn
coherent excitations into incoherent occupations and lead
to qualitative changes in the behavior of initially coherent
systems.

Optically excited semiconductor heterostructures are an
ideal laboratory for investigating such correlated many-
body quantum kinetics [1–13]. Almost perfect samples
and quantum structures are available. This, combined with
the recent experimental advances in ultrafast laser tech-
niques and the development of novel many-particle theo-
ries [14–20], allows for very explicit comparison between
experiments and theory. Although the semiconductor in its
ground state is a true many-body system with correlation,
the single particle excitations near the band gap provide a
well-defined and completely uncorrelated starting point for
the dynamics [21]. Once the system is excited strong cor-
relations build up due to the Coulomb interaction between
photocarriers. Because these correlations are induced by
the laser field they are to some extent controllable, in con-
trast with the strong ground state correlations present in
other systems. In the limit of medium-to-high particle den-
sities the random-phase approximation, in which many-
particle correlations are accounted for at a mean-field level
and reduced to products of two-particle correlations by fac-
torization, provides an adequate description of laser excited
semiconductors. This approach results in the well-known
semiconductor Bloch equation (SBE) formalism and works
well for many experimental conditions [22]. However, as
the density of interacting particles decreases the system
becomes increasingly “strongly correlated” [1]. Then in-
teractions between particles cannot be treated as local scat-
tering events; they are essentially nonlocal in space and
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time and produce new quantum mechanical memory phe-
nomena in the dynamics [2–7]. SBE-type approaches
fail to describe experiments where two-exciton correlations
play a prominent role and thus four-point correlations must
be included in a microscopic theory. A growing body of re-
cent experiments has demonstrated the importance of these
correlations for the nonlinear optical response of semicon-
ductor structures [5,6,8,23]. The theoretical description of
such correlations has been approached with several differ-
ent techniques and is at the center of much current inter-
est. The dynamics controlled truncation (DCT) approach
developed in [14,15], where the field of the exciting laser
is used as the controllable truncation criterion, has been
very successfully applied to interpret data obtained from
four-wave mixing (FWM) and pump/probe experiments
[5–8,11–13]. These experiments, however, are quite in-
sensitive to high order correlations represented by six-point
density matrices. Six-wave-mixing (SWM) experiments
[24], in contrast, provide a sensitive monitor of such cor-
relations beyond the four-point level.

In this Letter we demonstrate that high order Coulomb
correlations have a significant qualitative impact on the
optical response of semiconductor quantum wells (QW).
In particular, we discuss the influence of the correlated
part of the six-point density matrix describing transitions
from incoherent excitons to correlated two-pair states. To
probe the role of six-point correlations we have performed
SWM experiments on a sample with very pure and well-
characterized optical response. We perform a quantitative
comparison between experiment and a microscopic DCT
theory at three levels of approximation: (a) a fully coher-
ent description accounting only for the dynamics of co-
herent single-pair and two-pair transition amplitudes; (b) a
treatment that in addition accounts for incoherent densities;
(c) a treatment where correlated six-point density matrices,
representing transitions from incoherent excitons to bound
or unbound two-pair states, are also taken into account.
Our results show that the six-point correlation is crucial to
correctly describe the optical response of this system.
© 2000 The American Physical Society
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Spectrally resolved, degenerate SWM experiments were
performed on a 5 nm ZnSe�ZnMgSSe single QW. This
ZnSe-QW combines large exciton, X, and biexciton, X2,
binding energies, Eb

X � 25 meV and Eb
X2

� 6.6 meV with
narrow X linewidth and provides an optimal system for
quantitative comparisons of theory and experiment. It al-
lows for exclusive excitation of heavy-hole (hh) X and X2
and yields a well-resolved spectral response. The sample
was held at T � 10 K, where the hh-X peak is centered
at vX � 2.825 eV. 70 fs transform-limited pulses from a
frequency-doubled Ti:sapphire laser were used for excita-
tion and were tuned to excite exclusively the 1S hh-X. The
excitation areal density was N � 4 3 1010 cm22. Two
laser pulses with wave vectors �k1 and �k2 separated by the
time delay, Dt, excite the sample, and the SWM signal
is measured in the momentum-conserving direction �ks �
3�k2 2 2�k1. (Dt . 0 if pulse 1 precedes pulse 2.) The po-
larizations s1,2 of the exciting pulses were varied among
all significant combinations of circular and linear, and the
SWM emission was projected onto each of the ss � X, Y ,
s1, and s2 polarizations. The spectrum of each ss was
recorded as a function of Dt. To label the various polariza-
tion configurations we use the notation �s1, s2, ss�. For
all excitation configurations the measured polarization of
the SWM emission is consistent with selection rules based
on momentum conservation. In this Letter we discuss a
limited set of our data, which demonstrates most clearly
the role of six-point correlations. Novel results from other
polarization configurations will be presented in a longer
paper elsewhere [25].

Figure 1 presents SWM emission measured in the
�X, Y , Y � configuration. The X emission decays smoothly
without temporal or spectral beats. At �2.818 eV �
vX2 2 vX � DvX22X , a second feature is seen. It
corresponds to a X2-X transition and shows no beats.

The starting point for our model is the hierarchy of den-
sity matrices truncated according to DCT [14,15]. We

FIG. 1. Six-wave mixing emission measured in the �X, Y , Y�
configuration, shown over 3 orders of magnitude in emission
intensity.
follow the dynamics of four density matrices: Y , B, N ,
and Z. In the electron hole representation these are given
by Y � �h1e2�, B � �h1e2h3e4�, N � �ey

1 h
y
2 h3e4�, Z �

�ey
1 h

y
2 h3e4h5e6�. To clarify the role of correlations, we

focus on the correlated parts of the four- and six-particle
operators, given in the notation of [11,15] by B̄, N̄ , and Z̄.
Y and B̄ represent, respectively, single-pair transition den-
sities and the correlated part of two-pair transition densi-
ties, i.e., two-photon coherence. These are phase-sensitive,
rapidly oscillating quantities around vX and vX2 , respec-
tively. We note that Y is directly connected to the po-
larization of the sample and that B̄ contains contributions
from both the bound biexcitonic states, X2, and the un-
bound two-exciton continuum, X-X. Accounting only for
the contributions of Y and B̄ corresponds to a system evolv-
ing fully coherently. We call this case the coherent limit
(CL). N̄ contains the incoherent densities. It can be inter-
preted in different ways including (i) coherences between
different pair states involved in intersubband and intraband
transitions and (ii) fluctuations of the one-pair amplitude
Y , N̄ � ��Ŷ 2 �Ŷ ��y�Ŷ 2 �Ŷ ���. In the following we re-
fer to a level of theory that in addition to the CL parts
accounts for the N̄ contributions as the incoherent den-
sity (ID) level. Finally Z̄ describes transitions from in-
coherent exciton densities to two-pair states. We call the
theory that accounts for the contributions of Z̄ as well as
ID the incoherent density assisted transition (IDAT) level.
Note that of the density matrices included in our calcu-
lation only Z̄ includes six-particle correlations; thus only
the IDAT theory goes beyond four-particle approximations.
The SWM signal can also be influenced at the fifth order
in the laser field, O �E5�, by other high order correlation
functions such as the correlated part of three-pair transition
amplitudes or the incoherent two-pair occupation densities.
However, we show below that a description based on Y ,
B̄, N̄ , and Z̄ gives very good overall agreement with our
experiments. We take this as an indication that we have
identified the dominant contributions to the SWM emis-
sion for our excitation conditions.

The SWM signal is derived from the equation of motion
for the single-pair amplitude Y with a nonlinear source
term which can be decomposed as follows:

Qnonlinear � QCL 1 QID 1 QIDAT . (1)

In the CL the source can be written as a sum of a coher-
ent mean-field contribution (CMF) and a correlated part
representing two-pair transitions (TPT) QCL � QCMF 1

QTPT . The CMF part comprises the contributions known
from the SBE which can be classified as Pauli blocking
and coherent mean-field Coulomb nonlinearities. Follow-
ing [5,7,26] we have accounted for TPT by using a memory
kernel representation. The ID contributions are propor-
tional to either N̄Y or N̄E and may therefore influence the
single pair transitions Y [5]. Thus the ID terms couple Y
and B̄ to incoherent densities. Finally, the IDAT nonlinear
source is driven by Z̄ [11,15]. To the best of our knowledge
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the Z̄ contribution has previously been taken into account
only in 1D models [11,12]. In order to deal with the 2D
QW case, we have derived a memory kernel representa-
tion for QIDAT starting from the equation of motion for
Z̄ with source terms ~ YN̄ (details will be presented in
[25]). The oscillation frequency of Z̄ is DvX22X , the dif-
ference between two-pair and one-pair transition energies.
Note that in the absence of incoherent densities ~ N̄ these
transitions are absent.

In order to identify the contribution of the four dynami-
cal variables to the SWM response, we compare our ex-
perimental results to calculations of the SWM signal with
nonlinear source terms: (a) QCL only; (b) QCL 1 QID;
(c) all contributions in Eq. (1). The calculations include
all states on the 1S exciton parabola, and following the
results of [27] we have set the low density exciton and
biexciton dephasing times equal. As some dephasing pro-
cesses originate in Coulomb interactions among particles,
our theory automatically includes density induced dephas-
ing. In all cases the coupled equations of motion are solved
numerically to infinite order, and thus the results include
contributions of all orders in the exciting laser field.

We note that FWM experiments performed on this and
similar samples have been analyzed using CL and ID level
DCT theories [5,6,28]. It was found that under many con-
ditions the CL theory is sufficient to give qualitative agree-
ment with the data. In particular, the ratio between FWM
signals at the exciton and the biexciton is well reproduced
for all polarizations [28]. CL theory fails to describe cor-
rectly the transient polarization state of FWM emission, but
calculations at the ID level give an almost perfect agree-
ment with these data. Even at densities for which O �E5�
contributions become important the ID-level theory con-
tinues to be in excellent agreement with the FWM experi-
ment. We have verified that this agreement is not modified
when the FWM calculation is performed on the IDAT
level. These investigations thus confirm that FWM mea-
surements are insensitive to six-point correlations.

Figure 2 shows the theoretical results for calculations
of SWM in the �X, Y , Y � configuration. First, note that the
mere presence of a SWM signal does not constitute evi-
dence of six-particle correlations. As shown in Figs. 2a
and 2b, a significant SWM signal is predicted by theo-
ries including only four-particle correlations. However,
Figs. 2a and 2b also show that the spectral and temporal
shape of the SWM signal is not correctly predicted by theo-
ries including only four-particle correlations—both the CL
and ID theories show major disagreements with experi-
ment. Although it correctly predicts the polarization of
the SWM emission, the CL theory essentially misses the
X2-X contributions, underestimating the strength of that
emission by at least 2 orders of magnitude, which is sur-
prising in view of the FWM results [28]. Furthermore,
and in contrast to the FWM case, the addition of the ID
level terms actually degrades the agreement with experi-
ment. The X2-X emission continues to be greatly un-
2004
FIG. 2. Theoretical calculations of SWM emission in the
�X, Y , Y� configuration, shown over 3 orders of magnitude in
emission intensity: (a) calculation in the coherent limit CL
including Y and B̄; (b) calculation including contributions of Y ,
B̄, and N̄ , i.e., the ID level; (c) calculation on the IDAT level
including the four- and six-point contributions Y , B̄, N̄ , and Z̄.

derestimated. Furthermore, the ID theory predicts strong
beating in both the X emission and the X2-X emission
contrary to experiment which essentially shows a smooth
decay. Thus, the ID-level theory, although able to give
excellent agreement with FWM experiments, fails to repro-
duce the spectral and temporal profile of the SWM emis-
sion. Adding the six-point correlation, Z̄, strongly alters
these results as shown in Fig. 2c. The Z̄ contribution in-
creases the relative strength of the X2-X emission by more
than an order of magnitude and brings it into excellent
agreement with experiment. Furthermore, the temporal
beats introduced by the N̄ contributions in the ID calcu-
lation are strongly suppressed. Thus, the six-point corre-
lation Z̄ is absolutely necessary to describe accurately the
SWM experiments, and the DCT theory including this term
captures very well the major contributions to the emission.

Although the theory described here gives good general
agreement with the experimental results, a number of de-
tails of the SWM spectra remain to be understood. For
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example, the small (1 meV) redshift of the exciton with
increasing time delay and the very rapid temporal rise of
the biexciton emission are not explained even within the
IDAT framework. As mentioned in the introduction, there
are a number of potential contributions to SWM signals
which have yet to be explored. These include correlated
three-pair transitions and incoherent two-pair occupations.
At present it is not possible to discriminate between these
possible explanations for the experimental features. How-
ever, work on including such terms in the theory is cur-
rently in progress.

Although there have been previous observations of
biexcitonic scattering in other materials [29], these have
all been in the incoherent, long time (20 ps) relaxation
regime, and interpreted phenomenologically. Here, we
have demonstrated that careful measurement of SWM
emission combined with microscopic theory yields unam-
biguous signatures of six-point correlations not accessible
in any previous measurements.
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